Lithium metal batteries are capable of revolutionizing the battery marketplace for electrical vehicles, owing to the high capacity and low voltage offered by Li metal. Current exploitation of Li metal electrodes, however, is plagued by their exhaustive parasitic reactions with liquid electrolytes and dendritic growth, which pose concerns to both cell performance and safety. We demonstrate that a hybrid membrane, both elastic and Li + -ion percolating, can stabilize Li plating/stripping with high Coulombic efficiency. The compact packing of a Li + solid electrolyte phase offers percolated Li + -conducting channels and the consequent infiltration of an elastic polymer endows membrane flexibility to accommodate volume changes. The protected electrode allows Li plating with 95.8% efficiency for 200 cycles and stable operation of an LTOjLi cell for 2,000 cycles. This rationally structured membrane represents an interface engineering approach toward stabilized Li metal electrodes.
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Li-ion battery | lithium metal anode | Li metal protective flexible membrane | electrolyte-impermeable | Li-ion percolation membrane T he development of high-energy-density and low-cost battery systems appears to be a major limiting factor toward the realworld commercialization of electric cars (1) . Traditional lithiumion technology that relies on intercalation-type graphite anodes and metal oxide cathodes is approaching its theoretical limit in energy density and cost (2, 3) . New chemistry beyond intercalation is desirable. Lithium metal batteries, such as Li-O 2 and Li-S systems, promise lower-cost and higher-energy density (4, 5) . This benefits from the coupling of high-capacity cathodes (O 2 /S) with a lithium metal anode, which exhibits an order of magnitude higher capacity than graphite (3,860 mAh g −1 vs. 370 mAh g −1 ) (6, 7). In the past decade, much effort has been devoted to extending the lifetime of cathodes; however, intrinsic challenges with Li metal are often not apparent, owing to the relative low areal current density and excess electrolyte generally used in such systems (8, 9) .
It is vital to stabilize the Li metal electrode to realize practical lithium metal batteries. Lithium has the lowest reduction potential among alkali/alkali-earth metals and their alloys, which, although allowing a high-voltage full cell, causes fatal degradation issues because Li reacts with almost all types of liquid electrolytes (10, 11) . Unlike the conventional intercalation graphite anode that forms a stable solid electrolyte interphase (SEI) in carbonate electrolytes, plating of hostless Li results in a dendritic morphology with a thick SEI (12, 13) . The interplay of parasitic reactions and dendritic growth gives rise to iterative SEI breakdown, leading to "dead lithium" and potential cell failure because of electrolyte depletion (2, 3, 6) . The exact mechanism of dendritic growth is still in debate, but two commonly accepted theories rely either on a modified Chazalviel model or on nonuniformity of the SEI. Chazalviel's model states that an ion concentration gradient exists over the thickness of the electrolyte under polarization, which determines a limiting current and Sand's time, beyond which the dendrite forms (14) . The low Li + -ion transference number of liquid electrolytes gives rise to anion depletion at the interface and establishes a strong electric field that drives dendritic growth (15) . The other theory is complementary and emphasizes the nonuniformity of the as-formed SEI, which causes uneven Li + -ion flux and nucleation (6, 2) .
Based on understanding from these two theories, recent efforts have made much progress in suppressing dendrites. One approach is to tune the electrolyte compositions to create a stable SEI. This has utilized stable glyme solvents/salts (16) (17) (18) ; a LiF additive (19) ; and a high salt concentration (20, 21) . Efforts in reducing the establishment of an electric field are based on electrolytes with high transference number (22) (23) (24) (25) . Accommodating Li plating into a porous host substrate represents a strategy to reduce electrolyte parasitic reactions (26, 27 ). Another avenue resides in fabricating artificial SEI layers with metal oxides (28) , polymers (29) (30) (31) , solid electrolytes (32) (33) (34) , and alloys (35) to prevent direct contact with the electrolyte and/ or to mechanically suppress Li dendrite formation. It remains challenging to create a protective membrane with structural compatibility that can maintain a percolating Li + -conducting pathway and also low liquid electrolyte permeability. Furthermore, it has been proposed that using a high-modulus solid electrolyte can block the growth of Li dendrites to allow Li metal to be used as a negative electrode in all-solid-state batteries. However, there remain two challenges that prevent wide applications of this approach: dendrite growth along the grain boundaries and the formation of a nonconducting SEI layer by parasitic reactions (36) . Herein we demonstrate that a hybrid membrane prepared by a rationally designed two-step process can overcome these obstacles in liquid electrolytes (Fig. 1) . First, the densely packed β-Li 3 PS 4 framework ensures a percolated Li + -conducting Significance Lithium metal batteries are capable of revolutionizing the battery marketplace for electrical vehicles. They are, however, plagued by the reactive Li metal-electrolyte interface and growth of Li dendrites on cycling, which pose concerns to both cell performance and safety. We demonstrate that a Li metal negative electrode can be stabilized by a hybrid inorganic/ organic membrane that is grown directly onto it. A solid electrolyte phase offers percolated Li + -ion-conducting channels and the infiltration of an elastic polymer endows membrane flexibility to accommodate volume changes. The protected electrode allows Li deposition/stripping with 95.8% efficiency and stable operation of an electrochemical cell for 2,000 cycles. This rationally structured membrane represents an interface engineering approach toward stabilized Li metal electrodes.
pathway without being blocked by the subsequently added polymer component, while exhibiting single-ion transport. Based on the space-charge model established by Chazalviel (14) , a transference number of unity can eliminate the space charge in the vicinity of the Li metal surface, which is the driving force for dendrite growth. Second, the infiltrated siloxane polymer, being electrolyteimpermeable (in contrast to polyethylene oxide-Li salt electrolytes), fills the gap between the percolated particles, preventing direct electrolyte penetration and offering structure flexibility to accommodate volume changes during Li plating/stripping (Fig. 1) .
Results and Discussion
A Two-Step Strategy for Fabricating the Hybrid Membrane. A protecting membrane for the Li metal electrode needs to be Li + -ion conducting, electron insulating, and electrolyte-proof (25) . A one-pot mixture of a solid electrolyte with a polymer filler can create an electrolyte-proof membrane, but the Li + pathway between particles may be blocked and prevent percolation throughout the membrane. Therefore, we designed a two-step fabrication process to resolve this dilemma. The thiophosphate β-Li 3 PS 4 was selected as the solid electrolyte because of its facile synthesis in solution (37), high Li + conductivity (measured to be 1.54 × 10 −4 S cm
, SI Appendix, Fig. S1A ) and good ductility that enables efficient room temperature densification. Polydimethylsiloxane (PDMS) is used as the polymer filler owing to its high elasticity, insolubility in carbonate/glyme electrolytes, and rapid solidification. Pure-phase β-Li 3 PS 4, confirmed by its Xray diffraction pattern, was synthesized following a previously reported solution-based procedure (SI Appendix, Fig. S1B ) (37) . We first coated a binder-free layer of β-Li 3 PS 4 onto Cu foil by doctor blading, followed by drying in vacuo. The membrane was then densified by cold-pressing at 1,000 psi (SI Appendix, Fig.  S2A ). A diluted PDMS solution along with a curing agent was then infiltrated into the layer by spin coating. As opposed to dip coating, spin coating allows efficient infiltration of the polymer through the thickness of the membrane, without surface aggregation that would otherwise block the ion-conducting pathway. The cross-linking of PDMS occurred through "addition curing" by attaching the -Si-H group (from the curing agent) to -C=C bonds (in PDMS). Cross-linking was realized by drying the membrane at 130°C. The reaction was confirmed by the significantly reduced intensity of the Fourier transform infrared spectral bands assigned to -C=C and -Si-H bonds (SI Appendix, Fig. S3 ), compared with the non-cross-linked material. The asobtained membrane (denoted as LPS-PDMS) was compact and crack-free as shown in the scanning electron microscopy (SEM) images ( Fig. 2A) . The particle morphology is preserved free of aggregated polymer on the surface, which only exhibits the rodlike crystallites of β-Li 3 PS 4 (Fig. 2B) . The polymer fills the voids between the thiophosphate deep in the film as demonstrated by energy-dispersive spectroscopy mapping of the cross-sectional area (SI Appendix, Fig. S4) . A controllable membrane thickness around 2-4 μm was obtained (SI Appendix, Fig. S2B ). The membrane shows high flexibility that can accommodate volume expansion/extraction of the lithium (Fig. 1) . The Li + transference number of the composite membrane is measured to be ∼1, confirming single-ion-conducting behavior (SI Appendix, Fig.  S5 ). An optimum concentration of the PDMS solution for spincoating infiltration (PDMS: toluene = 1:8, wt/vol) is critical to achieve good membrane morphology; a low (1:15) or a high (1:4) concentration leads to only partial infiltration or aggregated polymer on the surface (SI Appendix, Fig. S2 C and D) .
Li Plates Under the Hybrid Membrane. The Li-plating morphology with and without protection from the LPS-PDMS membrane was investigated by depositing 4-mA h cm −2 Li on Cu foil from a dimethoxyethane/dioxolane electrolyte at a current of 1 mA cm −2 . The Li-plated electrodes were retrieved and washed with the same solvent and analyzed by secondary electron and backscattered SEM imaging. Secondary electron SEM images of lithium plated on Cu foil exhibit a classical needle-like wormy dendritic structure (Fig. 2C) . In contrast, we did not observe any microstructured Li on the top of the LPS-PDMS membrane even after 10 cycles of plating and stripping (ending with plating), only the membrane itself (Fig. 2D) . We did observe some cracking of the hybrid membrane after 10 cycles, where electrolyte contact with the substrate can locally occur. However, as shown by surface SEI and electrochemical studies below, there is only a very limited amount of electrolyte decomposition and the capability of Li to plate underneath the protective membrane significantly reduces parasitic electrolyte reactions. Nevertheless, further optimization of the polymer and infiltration process to maintain film integrity is necessary (30, 31) . For better comparison, we plated Li on a single Cu electrode having both a bare and coated surface in the same cell. The phosphorus energy dispersive spectral mapping correlates with the backscattered SEM imaging (SI Appendix , Fig.  S6) ; the brighter field is an LPS-PDMS-covered surface, indicating Li is plated under the membrane where it exists. The corresponding cross-sectional SEM images in Fig. 2 E and F lend further evidence of the role of the protective membrane after 10 plate-strip-plate cycles. Backscattered SEM was used for imaging in this case as it highlights the contrast between the lightest-mass element (Li, which appears dark), the LPS-PDMS membrane (which appears brighter owing to its higher mass), and the underlying Cu foil (which is very bright). Lithium plated on Cu foil shows a classic dendritic wormy morphology (Fig. 2E) . In contrast, plated Li (outlined by the dashed red line) is still deposited underneath the LPS-PDMS membrane upon continuous cycles of stripping and plating, as distinguished by its dark contrast compared with the light LPS-PDMS membrane that lies above (Fig. 2E) .
The electrochemical stability of the LPS-PDMS membrane to Li plating was evaluated by cyclic voltammetry measurements using an LPS-PDMS Cu foil as the working electrode (SI Appendix, Fig. S7 ). We did not observe any peak above 0 V (vs. Li + /Li) that could be attributed to reduction of LPS or PDMS and Li plating occurs at an overpotential of ∼100 mV. X-ray photoelectron spectroscopy (XPS) was carried out to investigate the surface composition before and after plating (Fig. 3) . The pristine LPS-PDMS membrane exhibits one Li 1s component at 55.7 eV and one P 2p component at 132.8 eV (Fig. 3A) which are ascribed to pristine β-Li 3 PS 4 (34, 38) . After plating 4-mAh cm −2 Li, the LPS-PDMS-coated electrode shows the same binding energies corresponding to β-Li 3 PS 4 in both Li 1s and P 2p spectra (Fig. 3B) . This again confirms the reduction stability of the hybrid membrane and Li plating underneath the membrane. A small fraction of additional components is observed, corresponding to the SEI components Li 2 CO 3 /LiOH and LiF, derived from the electrolyte decomposition (39) . In contrast, the bare Cu electrode shows the presence of a large fraction of SEI components, along with a lower Li 1s binding-energy component that is ascribed to Li metal (Fig.  3C) (40) . The Si 2p spectra confirm the high chemical stability of PDMS (SI Appendix, Fig. S8 ).
Li Plating Achieves Long-Term High Coulombic Efficiency. We evaluated the Li plating/stripping Coulombic efficiency (CE) and its long-term stability on the LPS-PDMS-coated Cu electrodes in a glyme-based electrolyte. A fixed amount of Li was plated on the , the bare Cu electrode shows a very low average CE of 75.3% (over 100 cycles) and degrades significantly after 50 cycles. In contrast, the LPS-PDMSprotected Cu electrode maintains a high average CE of 95.8% over 200 cycles (Fig. 4A ). An efficiency lower than 100% nevertheless indicates a marginal amount of parasitic reaction of Li with the electrolyte. We thus measured the swelling effect of cross-linked PDMS in the electrolyte, which shows that the PDMS absorbs the electrolyte by about 9 wt % of its own weight (SI Appendix, Materials and Methods). This implies the presence of some electrolyte contact with Li metal. Nonetheless, the CE measurement confirms greatly reduced Li corrosion and electrolyte decomposition by ∼80% compared with bare Cu. Furthermore, the voltage profiles of the LPS-PDMS electrode do not show a noticeable increase in polarization compared with the bare Cu electrode throughout the cycling (Fig. 4B) .
To justify the impact of the two-step fabrication, it is necessary to demonstrate the properties of each individual component (Li 3 PS 4 and PDMS) on its own and to compare with a simple mixture of both. Therefore, Cu foils coated with PDMS only, β-Li 3 PS 4 only, and a one-pot mixture of β-Li 3 PS 4 with PDMS (noted as LPS/PDMS-mix) were fabricated. Their long-term cycling stability and average CE over 100 cycles are shown in SI Appendix, Fig. S9 and Fig. 4C , respectively. We found that the PDMS-coated electrode showed only a slight improvement over bare Cu electrodes (CE: 83.6% vs. 75.3%), although the β-Li 3 PS 4 -protected electrode sustained relatively higher CE and longer life (93.8%, 155 cycles). Nonetheless, the β-Li 3 PS 4 -coated electrode experienced a low CE (∼90%) conditioning period during the first 30 cycles, and unstable CE evolution (standard error, SD of CE: ±5.9% vs. ±2.4% for the LPS-PDMS electrode, Fig. 4C and SI Appendix, Fig. S9A ). In contrast, the LPS/PDMSmix electrode showed an extremely unstable CE throughout the cycling period, at an average CE of 87.8% (SI Appendix, Fig. S9B ). The voltage profile of the mixed-LPS/PDMS electrode also exhibited a large overpotential, indicating inefficiency in Li + -ion conduction across the membrane (SI Appendix, Fig. S9C ). We conclude from the above that the ion-conducting Li 3 PS 4 component is Fig. 3 . Spectroscopic demonstration of Li-plating behavior with and without the membrane. (A) The Li 1s and P 2p XPS spectra of the LPS-PDMScoated electrode in the pristine state and (B) after Li plating, along with (C) bare Cu foil after Li plating. Note that the P 2p region of the survey spectrum was used for the Li-plated bare Cu electrode (C). The dotted and the solid lines are the raw and fitted spectra, respectively. One minute of sputtering was performed before XPS measurement to remove any superficial contaminants. essential, and has to percolate through the membrane for efficient Li underplating; the electrolyte-proof and elastic polymer filler is necessary to reduce parasitic reactions. We further show that this membrane can withstand cycling at higher capacity and current density. At a capacity of 2 mA h cm
, we observe an impressive CE of 95.4% over 100 cycles, far superior to the bare Cu electrode (SI Appendix, Fig. S10 ). At a current density of 2 mA cm −2 , the LPS-PDMS-protected electrode can sustain an average CE of 98.6% over 100 cycles, in comparison with the 50-cycle life of the bare Cu electrode with much lower CE of 75.7% (Fig. 4D ). Even at a high current density of 4 mA cm . We observe an extremely stable voltage evolution over 1,000 h of cycling, whereas the cell made from nonprotected Li experiences intermittent voltage fluctuation indicating local structural changes, and fails eventually due to a global short circuit (pure resistor behavior) after 270 h (Fig. 5A) . It was recently reported that the voltage profile of a LijLi symmetric cell on the initial cycle is correlated to the growth/ dissolution of microstructures (41) . Such microstructure growth and dissolution give rise to a variation in electrode surface area, and thus a rise and decrease in cell voltage, as observed for the bare Li electrode (Fig. 5A, Inset) . In contrast, the Li-LPS-PDMS electrode neither shows such behavior in the first cycles nor throughout cycling (Fig. 5A, Inset) . The LTOjLi cells were cycled at a high rate of 5C (1C = 175 mA g −1 LTO ; areal current, 2.1 mA cm −2 ). As the goal here is not to build a high-voltage battery, using a zero-strain electrode such as LTO allows us to ascribe any cell degradation and failure to the Li metal electrode. The capacity of the Li metal anode was about 20-fold excess in both cells. The cell using the Li-LPS-PDMS electrode exhibited very stable capacity retention over 2,000 cycles, after a conditioning process over the first 30 cycles, whereas the bare Li cell showed lower capacity and rapid fading after 175 cycles (Fig. 5B) . The representative voltage profiles at the 2nd and 100th cycles showed about 2-fourfold-lower cell polarization for the LPS-PDMScoated Li electrode (SI Appendix, Fig. S12 A and B) . Moreover, the evolution of the round-trip energy efficiency of the whole cell, calculated by the discharge energy over the charge energy, clearly shows superior efficiency of the LPS-PDMS-protected Li electrode (SI Appendix, Fig. S12C ).
Conclusions
We demonstrate a rationally structured hybrid membrane, incorporating a single-ion-conducting component and a polymeric filler that stabilizes Li plating. While both components, β-Li 3 PS 4 and the PDMS polymer, are important to deliver high ion conductivity/flexibility and be resistant to electrolyte permeation, we show that a two-step fabrication procedure is necessary to create a percolating ion pathway across the membrane. As opposed to a protection layer prepared by simple mixture of the two components, the LPS-PDMS membrane allows stable plating/ stripping at an average Coulombic efficiency of 95.8% for 200 cycles. A long cycle life of 2,000 cycles was demonstrated for an LTOjLi cell using such protected electrode at high round-trip energy efficiency. This concept of a hybrid protective membrane can extend to other sulfide-and oxide-based solid electrolytes, although efforts are needed to optimize the materials (e.g., softness) to ensure efficient particle packing and a percolating Li + pathway. Further development of such hybrid membranes will require improving the structural integrity using polymers with better adhesion and fluidity (29, 30) .
Materials and Methods
The β-Li 3 PS 4 was prepared following a solution-based approach. A stoichiometric amount of Li 2 S (Alfa Aesar) and P 2 S 5 (Sigma-Aldrich) was added to tetrahydrofuran (THF) and stirred for 12 h. The as-obtained white precipitate was washed twice with THF before drying in vacuo at 130°C. For preparation of the LPS-PDMS hybrid membrane on Cu foil, the foil was first coated with a uniform slurry of β-Li 3 PS 4 in THF using a doctor-blade instrument with automatic thickness calibration. The coated foil was dried in vacuo at room temperature overnight, followed by pressing at 1,000 psi for 1 min. Subsequently, PDMS (SYLGARD) mixed with the curing agent (wt/wt: 10:1) was diluted using toluene at the optimum ratio for spin coating. The β-Li 3 PS 4 -coated Cu foil was spin coated with the PDMS solution at a spinning speed of 1,000 rpm (10 s) and 7,000 rpm (2 min). The final LPS-PDMS-protected foil was obtained after drying at 130°C in vacuo for 6 h. For LPS-PDMS-protected Li, the same procedure was applied except the foil was pressed at a lower pressure of 200 psi. Control samples of coating only one component were prepared by single-step doctor blading of β-Li 3 PS 4 or spin coating of PDMS solution on the Cu foil. The mixed-LPS/PDMS-coated Cu foil was fabricated by doctor blading a solution of β-Li 3 PS 4 and PDMS (wt/wt, 1:1, 20 wt % in toluene) onto the foil. All procedures were conducted inside an argon-filled glovebox with very low levels of O 2 (<1 ppm) and H 2 O (<1 ppm). More details of the methods are provided in SI Appendix.
